The LEC rat has a spontaneous mutation of T-helper immunodeficiency (thid), which causes a marked defect in T cell maturation from double positive (DP) to CD4 single positive (SP) cells in the thymus. Previously, we identified the contiguous gene deletion of Ptprk and Themis genes in the thid locus that causes the simultaneous loss of expression of both genes, and the exogenous Ptprk expression partially rescued this phenotype. To determine whether the deletion of Themis influences thid phenotype, bone marrow (BM) cells were transduced with lentiviral vector expressing Themis gene, and were transplanted into X-ray-irradiated LEC rats. Interestingly, the exogenous Themis expression rescued the development of CD4 SP cells as well as Ptprk. The result suggests that the deficiency of both genes is responsible for the thid mutation, and that both genes are indispensable for the development of SP cells from DP cells in the thymus.
Differentiation of T cells from bone marrow (BM)-derived progenitor T cells in the thymus is dependent upon the complex interactions of signaling pathways (15) . Most immature T cells in the thymus express neither T cell antigen receptor (TCR) nor the co-receptors of CD4 and CD8 (double-negative or DN). DN cells that successfully rearrange and express a TCR β-chain, differentiate into CD4 and CD8 double-positive (DP) cells. The DP cells engaged in appropriate interactions with self peptides in the context of the major histocompatibility complex (MHC) molecules, through their TCR and mature into CD4 or CD8 single-positive (SP) cells (positive selection), and this CD4 or CD8 linage commitment is dependent on both the strength and duration of TCR signaling (16) . Cells that lack these positive selection signals undergo apoptosis (death by neglect), whereas strong interaction of TCR and self peptide-MHC complex also induces apoptosis (negative selection) (6) . The LEC rat displays an immunodeficiency, known as T-helper immunodeficiency (thid). The thid mutation causes a marked defect in T cell maturation from DP to CD4 SP, but not to CD8 SP cells in the thymus, and in addition, the thid is a cell-autonomous mutation in T cells (1, 2, 18). Previously, we have identified genomic deletion of approximately 380 kb, that causes the deletion that encompasses the almost cording exons of Ptprk gene, and promoter region and the first exon of Themis (rat gene symbol: RGD1560849) gene in the thid locus (Fig. 1A) . The large deletion results in loss of mRNA expression of both genes in thymus and BM (Fig. 1B) . Furthermore, we have shown that the exogenous Ptprk re-expression partially rescues the thid phenotype (3). Recently, it has been reported that several mutations of Themis in mice causes the abnormality of T cell maturation from DP to CD4 SP, which is quite similar to the thid phenotype (5, (8) (9) (10) 12) . Thus, we hypothesized that the deficiency of both Ptprk and Themis genes are involved in the thid mutation of LEC rat. X-ray machine (Hitachi) was operated at 200 kV, 20 mA, with a 2-mm-alminum filter, dose rate 3.03 Gy/min in air, and focus distance of 600 mm. BM cell suspension was isolated from LEC rats by flushing the femurs with PBS. Single cell suspensions were prepared by passing the cells through a cell strainer and viral transduction was performed by incubating the BM cells in DMEM (Invitrogen) at 37°C. After 24 h, cells were washed with PBS; lentivirus-infected BM cells (1 × 10 6 cells) were transplanted into recipient LEC rats through tail veins. After 4-5 weeks, recipient rats were sacrificed and the expression of these genes in the thymus and spleen was examined by RT-PCR. Fig. 2A shows that the reconstitution with BM cells transduced exogenous genes in recipient rats was successful and well sustained. Thymocyte subsets were then examined by flow cytometry (Fig. 2B) . Thymocytes (1 × 10 6 cells) were stained with fluorescein isothiocyanate (FITC)-conjugated anti-rat CD4 and
In the present study, we investigated whether Themis gene transfer would rescue thid phenotype. Furthermore, we compared the effects of Ptprk and Themis, in a BM reconstitution experiment, in which LEC rat-derived BM cells were transduced with the Themis gene using a lentivirus vector, and were transplanted into X-irradiated recipient LEC rats. The expression vector was constructed as follows; the rat Ptprk cDNA (accession number, AB297790) and mouse Themis cDNA (A630021B05) were inserted into multicloning site of FUGW lentivirus vector (kind gift from Dr. David Baltimore, California Institute of Technology). Recombinant lentiviruses were produced in human 293 FT cells (Invitrogen) by co-transfection with each vector encoding viral accessory protein, pMD2.G and psPAX2 by Lipofectamine 2000 (Invitrogen) (11) . To generate BM-chimeric rats, recipient female LEC rats (6-8 weeks old) were treated with 6 Gy X-irradiation, which was lethal dose for LEC rats (7). The Ptprk gene (Fig. 2B ). In addition, we attempted further rescue of CD4 SP cells by co-transduction of both Ptprk and Themis genes. However, CD4 SP populations of the two genes transduction of BM-chimeric rats were at a similar level to that observed with the single Themis transduction (data not shown). It is difficult for lentivirus system to simultaneously express both genes effectively on a single T cell, due to the insufficient virus titer and gene expression for non-optimal developmental stage, or silencing of lentiviral gene expression (13) . Our results indicated that Themis expression induced the development of CD4 SP cells more than that of Ptprk. These findings suggest that the deficiency of both genes is responsible for the thid mutation, and that both genes are indispensable for the development of SP cells from DP cells in the thymus. The Ptprk gene encodes a protein tyrosine phosphatase, receptor κ (RPTPK) protein. RPTPK is composed of extracellular adhesion molecule-like domains, a single transmembrane domain, and cytoplasmic phosphatase domain. The extracellular region of RPTPK plays a critical role in homophilic binding, which leads to cell-cell adhesion mediated by RPTPK (14, 19) , while the cytoplasmic domains can dephosphorylate some important substrates such as epidermal growth factor receptor and β-catenin, RPTPK is also known to act as a tumor suppressor that induces transforming growth factor-β signaling downstream (17) . RPTPK may play a role in the regulation of adhesion, proliferation, and migration of T-precursor cells in the thymus. However, there were no difference detected in the expression of the Ptprk gene among DN, DP and CD4/CD8 SP cells (Fig. 3B) . These data suggest that the regulation of RPTPK function or expression of a RPTPK substrate, but not Ptprk expression itself, is involved in the selective loss of CD4 SP cells. Recently, it was reported that RPTPK positively regulates ERK1/2 phosphorylation, which influences CD4 SP T cell development (4). Thus, a further analysis that uses Ptprk knockout (KO) mice is required for the elucidation of the mechanism of thymocyte differentiation. In contrast, Themis has highly conserved prolinrich sequence and a nuclear localization signal, but there is no consensus catalytic domain. Although the function of Themis remains unclear, this protein seems to play a role as an adaptor or linker protein.
Themis-deficient mice have both considerably fewer CD4 and CD8 SP cells in the thymus, whereas all other TCR-induced events such as β-selection, negative-selection, peripheral activation and homeostatic phycoerythrin (PE)-conjugated anti-rat CD8 antibodies (Biolegend). Flow cytometry was performed with an EPICS XL ADC flow cytometer (Beckman Coulter). Interestingly, the expression of the Themis gene in thymocytes produces a very significant restoration of CD4 SP production than that of the of Themis protein rather than the failure of expression of transgene in appropriate differentiation stage of T cell development. Deletion of both Ptprk and Themis genes causes a nearly complete blockade of the production of CD4 SP cells in LEC rats when compared to the phenotype of Themis-deficient mice. Since both genes could rescue partially the thid phenotype, independently, we propose that both genes are necessary for the CD4 SP cell development. Further analyses using KO mice of both genes or their compound KO mice is essential to confirm this hypothesis and determine as whether the signaling pathways of both proteins are synergistic in T cell differentiation. proliferation were unaffected (5, 8, 10, 12) . The Themis gene expression in rats is similar to that of mice, and it is highly restricted to the lymphoid organs, especially the thymus (Fig. 3A) . In addition, among T cell subsets, the expression is highest in DP cells, and decreasing with maturation (Fig. 3B) . The 5' upstream region of Themis contains some predicted Runx-binding motifs, which may act as a silencer corresponding to Cd4 silencer element and induce this stage-specific gene expression. The frequency of cDNAs from a specific gene in EST database provides sufficient evidence of the relative levels of transcription of that gene. To estimate the relative expression level of Themis, we calculated the frequency of Themis expressed in mouse thymus. Themis is highly expressed compared to some housekeeping genes such as glyceraldehyde-3-phosphate dehydrogenase (Gapdh), ubiquitin C (Ubc), hydroxymethylbilane synthase (Hmbs), hypoxanthine phosphoribosyltransferase 1 (Hprt1), β2 microglobulin (B2m) and β-actin (Actb) (Fig. 4) . These data suggest that the strong induction of Themis is crucial for thymocyte differentiation. In this report, we could not completely rescue thid phenotype of LEC rats similar to that of wildtype. These might be due to insufficiency of appropriate amount 
